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In Brief
Lorenzana et al. show that injury location
relative to a branch point impacts axonal
responses and that a surviving intact
branch suppresses degeneration and
regeneration, revealing new rules and
logic in axonal responses to injury in the
adult mammalian CNS.
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The complex morphology of axons presents a chal-
lenge in understanding axonal responses to injury
and disease. By in vivo two-photon imaging of spinal
dorsal column sensory axons, we systematically
examined the effect of injury location relative to the
main bifurcation point on axon degeneration and
regeneration following highly localized laser injuries.
Retrograde but not anterograde degeneration was
strongly blocked at the bifurcation point at both the
acute and subacute phases. Eliminating either the
ascending or descending branch led to a poor regen-
erative response, while eliminating both led to a
strong regenerative response. Thus, a surviving
intact branch suppresses both retrograde degenera-
tion and regeneration of the injured branch, thereby
preserving the remaining axon architecture. Regen-
erating axons exhibited a dynamic pattern with alter-
nating phases of regeneration and pruning over a
chronic period. In vivo imaging continues to reveal
new insights on axonal responses to injury in the
mammalian spinal cord.
INTRODUCTION
The complexity in axonal morphology dictates complexities in
axonal responses to injury. Despite the expanding knowledge
on themolecular control of axon regeneration in theCNS (Bradke
and Marı´n, 2014), our understanding of how individual axons
respond to injury in their native state remains incomplete. In
particular, our knowledge on how an axon reacts to injuries at
different locations along the axon remains rudimentary. Axons
are highly complex structures. Axonal branching is a cardinal
feature of axonal morphology underlying many of the intricate
physiological properties of the nervous system. From simple
bifurcation to multiple collateral formation to elaborate terminal
arborization, axonal branching provides a way for a neuron to
communicate with a multitude of synaptic partners often locatedin diverse areas of the nervous system (Gibson and Ma, 2011). A
primary axonal branch may further branch, leading to secondary
and higher order branches. This morphological complexity pre-
sents a challenge in understanding how an axon responds to
injuries. Do injuries to different locations on the axon relative to
a branch point elicit the same or different responses? If different,
are there rules or logic in this differential response?
Studies of spinal axon regeneration have traditionally relied on
animal models of spinal cord injury (Lee and Lee, 2013). Typi-
cally, a mechanical injury such as a transection, crush, or contu-
sion is applied to the cord; axons are labeled with a surgically
applied and/or genetically encoded tracer, which is then de-
tected and visualized on terminally collected samples. Such
conventional experimental paradigms make it difficult, if not
impossible, to systematically examine the effect of subtle
changes in injury location on axonal responses.
In vivo optical imaging in the spinal cord represents a radically
different approach to study axonal responses to injury as it al-
lows for the examination of the same axons in living animals
over time (Laskowski and Bradke, 2013). The first of such a
study, using wide-field fluorescence microscopy in conjunction
with a pinprick lesion, led to the discovery of acute axon degen-
eration and provided the first time-lapse recordings of axon
regeneration in the injured mammalian CNS (Kerschensteiner
et al., 2005). Since then, spinal cord in vivo imaging has been
used to study microtubule stability in retraction bulb formation
(Ertu¨rk et al., 2007), the conditioning lesion effect in chronically
injured axons (Ylera et al., 2009), axon-blood vessel interaction
during regeneration (Dray et al., 2009), the behavior of regenerat-
ing sensory axons after entering the spinal cord following a dor-
sal root crush (Di Maio et al., 2011), the phase-specific role of
STAT3 in regeneration (Bareyre et al., 2011), and axon-macro-
phage interaction in subacute axon degeneration (Evans et al.,
2014).
In collaboration with Davalos and Akassoglou, we previously
described a method to repetitively image densely labeled cells
and cellular processes in the spinal cord with two-photon micro-
scopy without disrupting dura or the need for intubation or image
post-processing (Davalos et al., 2008). Here we use this in vivo
imaging paradigm in conjunction with highly localized laser axot-
omies to systematically examine the effect of injury location rela-
tive to the main bifurcation point in the cord on axonal responsesNeuron 86, 947–954, May 20, 2015 ª2015 Elsevier Inc. 947
to injury. We discovered a suppressive effect of a surviving intact
axonal branch on retrograde degeneration and regeneration of
the injured branch. Our data start to reveal rules and logic in
axonal responses to injuries at different parts of the axon and
prompt new questions on the mechanisms of axon degeneration
and regeneration after CNS injury.
RESULTS
We used the Thy1-YFP-H line (Feng et al., 2000) that strongly la-
bels a subset of spinal axons with the yellow fluorescent protein
(Figure S1A) and is widely used in the literature, including injury
and imaging studies in the spinal cord (Carter et al., 2008; Dava-
los et al., 2008; Farrar et al., 2012). We focused on the superfi-
cially located—and thus the most optically accessible—dorsal
column sensory axons (boxed area in Figure S1A). These
large-diameter axons arise from large sensory neurons
(Di Maio et al., 2011) in the dorsal root ganglia (DRGs) outside
the cord (Figure S1B). Their primary axon bifurcates, with one
peripheral branch and one central branch that extend into the
cord. Inside the cord, the central branch bifurcates again, with
one ascending branch extending rostral toward the brain in the
dorsal column white matter and one descending branch
coursing down the spinal cord (Figure S1B; A, ascending branch;
D, descending branch; M, main branch). Along the spinal cord,
dorsal column sensory axons send out collaterals that innervate
the gray matter. In this study, we limited our analyses to a small
area surrounding the main bifurcation or branch point in the cord
(BP, blue arrow in Figure S1B). Peripheral myelin protein zero
(P0) immunostaining indicated that the axons to be imaged are
well within the CNS (Figure S1C).
We used the femtosecond two-photon laser with theminimum
laser power and duration necessary to produce highly localized
laser axotomies without visibly affecting nearby labeled axons.
To systematically study the effect of varying injury location rela-
tive to the main bifurcation point and to facilitate tracking of the
injured axons, we directed laser axotomies near the branch point
(100–150 mmaway, unless noted otherwise) either before or af-
ter an axon bifurcates in the cord (as marked by a red cross in
Figure S1B). At each imaging session, we first acquired a low-
magnification image of the densely labeled dorsal column
sensory axons as a guiding roadmap (Figure S1D). A chosen
area of interest (boxed area in Figure S1D) was then imaged at
a higher magnification with two-photon microscopy (Figure 1A).
Up to three axons were axotomized per mouse and imaged as
often as every 5–15 min for 3–5 hr after axotomy on day 0; at
later time points (5 days, 5 weeks, or 6 months), each imaging
session was intended to capture a snapshot.
Consistent with previous studies with either a mechanical or
larger laser injury (Farrar et al., 2012; Kerschensteiner et al.,
2005), axons following highly localized laser axotomies also dis-
played bidirectional acute degeneration within minutes to hours
regardless of whether an ascending (Figures 1A–1J, Movie S1;
Figures S2A–S2F), descending (Figures S2G–S2I), or main
branch (Figures S2J–S2L) was axotomized. The proximal
segment degenerated retrogradely and the distal segment
degenerated anterogradely. Acute degeneration occurred via
two non-mutually exclusive modes: fragmentation, where initial948 Neuron 86, 947–954, May 20, 2015 ª2015 Elsevier Inc.beading/blebbing quickly gave way to discontinuous fragments
that could linger for hours, and retraction, where the axonal tip
was seen slowly moving backward (away from the injury site)
without leaving behind any visible axonal fragments. Many
axonal segments exhibited a combination of fragmentation and
retraction (Figure 1), while some exhibited a dominant degener-
ation mode of either fragmentation (Figures S2A–S2C) or retrac-
tion (Figures S2D–S2F). Glial fibrillary acidic protein (GFAP)
immunostaining indicated that there was minimal local astroglial
reactivity (data not shown) as reported (Ylera et al., 2009).
Degeneration profiles of individual axonal segments, clustered
based on the injury location (ascending, descending, or main
branch) and the axonal segment (proximal or distal), exhibited
a high level of variability (Figures 1K–1P). Some initiated degen-
eration soon after axotomy (black arrows), while others exhibited
an initial delay (red arrows). Sometimes degeneration slowly pro-
gressed over an extended period of time (blue arrows), while at
other times there was a burst of degeneration as reflected by a
precipitous slope (green arrows). A closer inspection of the
imaged axons indicates that these bursts of degeneration were
often associated with fragmentation. Still other axonal segments
exhibited a more complex degeneration profile with multiple,
alternating phases of slow and fast degeneration (orange ar-
rows). Similar heterogeneity has been reported previously with
in vivo imaging using the same YFP-H line but with a larger laser
injury (Farrar et al., 2012). Despite this heterogeneity, acute
degeneration typically subsided within 1–3 hr after axotomy.
Independent of injury location, fragmentation was the domi-
nant mode of acute axon degeneration, as assessed by either
the absolute degeneration distance (Figure S2M) or the propor-
tion of cumulative degeneration distance (Figure S2N). Axonal
segments that degenerated primarily via fragmentation (i.e.,
fragmentation accounting for R80% of the distance degener-
ated) exhibited a faster degeneration speed than those primarily
via retraction; axonal segments with a more mixed mode (>20%
but <80% for any one mode) fared in between (Figure S2O).
Regardless of injury location, there was a consistent trend for
more fragmentation in the distal segments as compared with
the proximal segments (Figure S2P), providing the first hint that
there may be a level of asymmetry in bidirectional acute
degeneration.
Following ascending or descending branch axotomies, acute
degeneration of the proximal segments often proceeded to (Fig-
ure S2C) or near the branch point leaving a stub (Figures 1J, 2G,
S2F, and S2I) but rarely breached the branch point. This promp-
ted us to hypothesize that the branch point serves as a barrier for
retrograde acute degeneration. The branch point remained
resistant to degeneration even when the axotomy site was
placed closer to the branch point, at 50 mm away (e.g., Figures
2A–2C). To better illustrate this barrier effect, we plotted the
degeneration distance against the distance between the
axotomy site and the branch point, where any data point for a
proximal segment (solid circle) above the 45 line represents
an incidenceof branchpoint breach (Figures 2I and2J). Following
ascending or descending branch axotomies placed50–150 mm
from the branch point, only in11% (3/27) of the cases did retro-
grade acute degeneration of the proximal segment breach
the branch point (purple arrows, Figures 2I and 2J). In 63%
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Figure 1. Acute Axon Degeneration after Highly Localized Laser Axotomies
(A–J) Selected two-photon images from a time-lapse series taken every 5–15 min showing acute degeneration via fragmentation and retraction following an
ascending branch axotomy. BP, branch point (blue arrow); M,main branch; A, ascending branch; D, descending branch; Lsr, laser axotomy (red arrow). Rostral is
always to the right. Acute times shown are in hours and minutes (h:mm); ‘‘Injury’’ is the time point immediately after axotomy. Note that in (H)–(J) the tip of the
proximal segment resembles retraction bulb-like structures described in Kerschensteiner et al. (2005). Scale bar = 100 mm. (K–P) Acute degeneration profiles of
individual axonal segments clustered around the injury location (ascending, descending, or main branch) and the axonal segment (proximal or distal). See text for
descriptions of colored arrows. In (K), (M), and (P), a branch point breach is indicated by a solid line splitting into one solid line and one dotted line of the same
color. See also Movie S1 and Figures S1 and S2.(17/27) of the cases, retrograde degeneration stopped within
25 mm of the branch point, including 33% (9/27) stopping
exactly at the branch point. This close clustering of the degener-
ation endpoints is strong indication that thebranchpoint acts as a
barrier to retrograde degeneration. In contrast, anterograde
degeneration of the corresponding distal segments (open trian-
gles), where there was no branch point along the degeneration
path, proceededmore freely:56% (15/27) degenerated beyond
the distance equivalent to that represented by the 45 line, with
the degeneration endpoints spreading out up to 300 mm.
Notably, the branch point remained a barrier even at the sub-
acute time point, i.e., 5 days after axotomy (Figures 2D, 2H, 2K,
and 2L). Proximal segments that had not degenerated to the
branch point at the last observation time point on day 0 had
more or less degenerated further by day 5, but none hadbreached the branch point (0% or 0/24; green triangles, Figures
2K and 2L). In a vast majority of cases (88% or 21/24), retro-
grade degeneration stopped at the branch point, as strikingly
illustrated by the degeneration endpoints lining up the 45 line
(green triangles). In the three cases where retrograde degenera-
tion had breached the branch point on day 0, further degenera-
tion proceeded more freely by day 5 (purple arrows, Figures 2K
and 2L).
In contrast, following main branch axotomies, anterograde
degeneration of the distal segments was not blocked—not
even temporarily—by the branch point (open triangles, Fig-
ure 2M). In 42% (8/19) of the cases anterograde degeneration
of the distal segment breached the branch point within hours of a
main branch axotomy. This frequency is indistinguishable from
that of retrograde degeneration of the corresponding proximalNeuron 86, 947–954, May 20, 2015 ª2015 Elsevier Inc. 949
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Figure 2. The Branch Point Is a Barrier to Retrograde but Not Anterograde Degeneration at Both Acute and Subacute Time Points
(A–D) Degeneration following a descending branch axotomy placed at50 mm from the branch point. (E–H) Degeneration following an ascending branch axotomy
placed between 100 and 150 mm from the branch point. Montaged images are presented. Yellow arrows, landmarks to track axons through multiple imaging
sessions; white arrow, uninjured axon. Scale bar = 100 mm. (I–N) Degeneration distance is plotted against the distance between axotomy site and branch point.
See text for data interpretation. Note that the data points marked by open circles in (K) and (L) are the same data points marked by solid circles in (I) and (J),
respectively. Orange arrowhead, two data points coincidentally superimposed on one another.segments proceeding beyond the equivalent distance (42% or
8/19), where there was no branch point along the degeneration
path (solid circles, Figure 2M). Thus, the branch point is a barrier
for retrograde but not anterograde acute degeneration and that it
remains a potent barrier even at the subacute time point.
Placing the ascending branch axotomy site further away from
the branch point (between 500 and 900 mm, averaged at
700 mm) allowed a more extended distance for the proximal
segment to degenerate retrogradely without encountering a
branch point (Long Distance [LD] in Figure S1B). Degeneration,
either retrograde or anterograde, extended up to 250 mm
from the axotomy site (Figure 2N) and none of the retrograde
degeneration events breached the branch point even 5 days
after injury (e.g., Figures S3A–S3C). This intrinsic limit of degen-
eration distance (250 mm) is comparable to that for distal
degeneration after ascending/descending branch axotomies
and proximal degeneration after main branch axotomies, where
there was no branch point along the degeneration path
(300 mm) (Figures 2I, 2J, and 2M).
Five days after main branch axotomies, many axons regener-
ated from the terminal end of the degenerated proximal segment950 Neuron 86, 947–954, May 20, 2015 ª2015 Elsevier Inc.(e.g., Figures 3A–3C0), consistent with previous observations
(Kerschensteiner et al., 2005). Anterogradely, Wallerian degener-
ation had taken over, with fragmented remnants of the distal
segment (brown arrows). Regeneration occurred via elongation,
branching, or a combination of both. Primary branches may give
rise to secondary branches (Figures 3C and 3C0). Growth cone-
like structures could be seen at the tip of the newly growing
axonal branches (magenta arrowheads, Figure 3C0). Elongation
may proceed in the reverse direction following a U-turn (Figures
3C, 3C0, S3C0, and 4B). In contrast to the smooth appearance of
intact axons, regenerating axons had an irregular and often
thinner axon diameter and took tortuous, winding paths in seem-
ingly random directions.
Therewasasignificant effect of the injury location relative to the
branch point on the regeneration frequency among main,
ascending and descending branch axotomies (X2 = 25.95, df = 2,
p < 0.0001). The frequency of regeneration followingmain branch
axotomies (89%, or 16/18) was substantially higher than that
after ascending (13%,or 2/16) or descendingbranchaxotomies
(11%, or 1/9) (Figure 3D). For ascending and descending
branch axotomies, there was a 100% correlation between the
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Figure 3. Injury Location-Specific Effects on
Axon Regeneration at the Subacute Time
Point
(A–C0) An example of axon regeneration via
branching and elongation observed on day 5 after a
main branch axotomy. Montaged images are pre-
sented. Green arrows, newly regenerated axons;
brown arrows, Wallerian degeneration; magenta
arrowheads, structures with growth cone appear-
ance. Scale bar = 100 mm in (A)–(C) and 50 mm in
(C0). (D) Regeneration frequency on day 5 after ax-
otomy. ***p < 0.001, chi-square and Fisher’s exact
test. A, ascending; D, descending; M, main branch;
Db, double branch axotomy; LD, long distance (on
ascending branch). (E and F) Quantification of
regeneration in terms of axonal growth (E) including
maximum, total, and average per branch, and
branch numbers (F) for primary (1) and secondary
(2) branches with the same color coding as in (D).
Error bars represent ± SEM. See also Figure S3.incidence of branch point breach on day 0 and a detectable
regenerative response on day 5: three out of 25 axotomies had
both (e.g., Figures S3D–S3F0), while 22 exhibited neither.
This injury location-specific effect on regeneration could be
explained by the suppression of regeneration either by the
branch point per se or the remaining intact branch. To distinguish
these two possibilities, we axotomized both the ascending and
descending branches simultaneously at 100–150 mm from
the branch point (double branch, or Db, axotomy, Figure S1B).
If a branch point per se suppresses regeneration, a higher regen-
eration frequency would be associated with a branch point
breach. If the remaining intact branch suppresses regeneration,
a higher regeneration frequency would be expected regardless
of any branch point breach. After double branch axotomies,
axons regenerated in 67% (6/9) of the cases, approaching
the regeneration frequency for main branch axotomies (89%,
Figure 3D). When there was a branch point breach, regeneration
occurred in two of four cases (50%).When therewas no branch
point breach, regeneration occurred in four out of five cases
(80%) (exemplified in Figures S3G–S3I0). Thus, compared
with single ascending or descending branch axotomies, double
branch axotomies led to a higher regeneration frequency regard-Neuron 86, 947–less of a branch point breach. These data
support the hypothesis that following
ascending/descending branch axotomies,
the remaining intact branch, rather than
the branch point per se, suppresses
regeneration.
Moving the axotomy site on the
ascending branch further away from the
branch point (700 mm, LD axotomies,
Figure S1B) led to an intermediate regen-
eration frequency (43%, or 3/7) (Fig-
ure 3D, exemplified in Figures S3A–
S3C0). Quantitative analyses indicate that
out of the three injury locations that gave
a considerable regeneration frequency,main branch axotomies led to the most regeneration in both
the distances regenerated (maximum, total, average per branch)
and the branch numbers (total, secondary), while double branch
axotomies in many respects resembled or approached main
branch axotomies. Thus, out of the two conditions that favor
regeneration the most (main branch and double branch axoto-
mies), no intact axonal branch (ascending or descending) had
remained.
To address whether regeneration observed on day 5 (sub-
acute) would sustain or abort at later time points, we followed
five axons to 5 weeks (subchronic), three of which were
further followed to 6 months (chronic) after main branch
axotomies. The small numbers of axons examined reflected
the technical challenges of imaging at these later time
points. Remarkably, all five axons examined at 5 weeks ex-
hibited some pruning (e.g., Figures S4 and 4A–4C). There
were also instances of modest new growth at 5 weeks
in addition to the more noticeable pruning (Figure S4C).
Most remarkably, all three axons examined at 6 months ex-
hibited new regeneration (e.g., Figures 4D and 4D0). Varicosities
could be observed along the regenerated axons and at their
terminal tips (orange arrowheads). Whether these represent954, May 20, 2015 ª2015 Elsevier Inc. 951
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Figure 4. Dynamic Axonal Responses to
Injury with Alternating Phases of Regenera-
tion and Pruning over a Chronic Period
(A–D0) An example ofmain branch axotomy that led
to dynamic regeneration, pruning, and remodeling
up to the 6-month time point. Note axon regener-
ation (including a U-turn) observed at 5 days,
pruning at 5 weeks, and new axon regeneration at
6 months. Montaged images are presented. Solid
green arrows, new axonal growth; hollow green
arrows, previous axonal growth that sustained;
orange arrowheads, varicosities. Scale bar =
100 mm in (A)–(D) and 50 mm in (D0). (E) New axon
regeneration and pruning at each observation time
point for individual axons (not including degener-
ation on day 0). Axons #1 and #2 were from
the same mouse. (F) Net axon growth per branch.
*p < 0.05, Student’s t test, n = 3. Error bars
represent ± SEM. See also Figure S4.presynaptic-like structures reported recently on injured axons
in the spinal cord (Di Maio et al., 2011; Filous et al., 2014) re-
quires further investigation.
Quantitative analysis on new regeneration versus pruning of
individual axons at different time points indicated a dynamic
temporal pattern with alternating phases of regeneration and
pruning (Figure 4E). Individual axons varied in their dynamics,
with more dynamic axons exhibiting more regeneration as
well as more pruning and vice versa (e.g., compare axons 2
and 3), indicating that the dynamics of an axon’s injury
response reflect its intrinsic properties. The length of net axon
growth per branch at 6 months was significantly longer than
that at 5 days, suggesting that there was a switch from a
more branching phenotype at the subacute time point toward
a more elongating phenotype at the chronic time point (Fig-
ure 4F). Together, these data illustrate that axonal regeneration,952 Neuron 86, 947–954, May 20, 2015 ª2015 Elsevier Inc.pruning, and remodeling continue weeks
and even months after axotomy.
DISCUSSION
The ability to pinpoint the axotomy site
with laser precision and to visualize
axonal behavior over time in vivo allowed
us to systematically examine, for the first
time in modern neurobiology, the effect
of injury location relative to a branch point
on axon degeneration and regeneration in
the adult mammalian CNS. Our data sup-
port the hypothesis that a surviving intact
branch blocks retrograde degeneration of
the injured branch from breaching the
branch point and also suppresses its
regeneration, thus stabilizing the remain-
ing axon architecture. Because collateral
sprouting, a form of axonal branching,
is widely recognized as an underlying
mechanism for some spontaneous recov-ery after CNS injury (Chen and Zheng, 2014), our finding that an
intact axonal branch directly impacts the degenerative and
regenerative responses of an injured branch is of heightened
significance.
When the axotomy site was placed relatively close to the bifur-
cation point, retrograde acute degeneration of the proximal
segment was consistently blocked by the main bifurcation point
with few exceptions. Even at the subacute time point, the bifur-
cation point remained a potent barrier. Indeed, this barrier effect
was most pronounced at 5 days after injury when most degener-
ative events had stopped at the branch point. The fact that anter-
ograde acute degeneration of the distal segment was not
blocked by the branch point after main branch axotomies pro-
vides strong evidence that it is not the branch point per se but
rather the presence of a surviving intact branch that suppresses
further degeneration.
The differential effect of a branch point on the proximal versus
distal segment illustrates a previously unrecognized asymmetry
in the bidirectional acute axon degeneration. This asymmetry im-
plicates a protective cell body influence even at this early stage
after axotomy. Alternatively, synaptic activities in the distal
segment may accelerate acute degeneration. However, a recent
study in Drosophila showed that following axotomy the distal
stump does not fire action potentials (Mishra et al., 2013),
arguing against a major role for nerve excitability or synaptic ac-
tivity in distal degeneration.
Injury location relative to the bifurcation point also impacts
regeneration. Axotomizing the main branch led to a high regen-
eration frequency. Axotomizing the ascending or descending
branch alone led to a low regeneration frequency; even when
there was regeneration, in our study a branch point breach had
invariably occurred, leading to the elimination of both branches.
Importantly, double branch axotomies led to a higher regenera-
tion frequency irrespective of a branch point breach. Thus, just
as in degeneration, it is not the branch point per se but a surviving
intact branch that suppresses the regeneration of the injured
branch. Intriguingly, moving the axotomy site further away from
the branch point (as in Long Distance axotomies) increased the
regeneration frequency, implying that the length of the injured
branch that remains also influences its fate.
The dual role of an intact branch in suppressing both further
retrograde degeneration and regeneration of the injured branch
makes economic sense for an injured neuron. After one axonal
branch is injured, the remaining intact branch still has synaptic
contacts, which may serve as a stabilizer. By actively suppress-
ing retrograde degeneration of the injured branch from breach-
ing the branch point, the intact branchwouldmaximize structural
and functional preservation. When both branches are severed,
loss of all synaptic contacts may prompt the axon to devote
energy and resource to regenerate. Interestingly, the presence
of a synaptic branch also inhibits axon regeneration in
C. elegans (Wu et al., 2007), suggesting that this is an evolution-
arily conserved mechanism in regulating axon regeneration. In
addition to the loss of synaptic contacts, a stronger injury signal
(Cho et al., 2013) following main or double branch axotomies
may also contribute to a stronger regenerative response.
Unbeknownst to us when we initially wrote this paper, it was
Cajal who first noted the phenomenon of complete degeneration
of axotomized terminal branches (Ramo´n y Cajal, 1928). By
studying histological samples of experimental spinal cord injury,
Cajal noted, ‘‘the well-known bifurcation into an ascending and
a descending branch’’ of dorsal column sensory axons was
transformed ‘‘into arciform fibres which penetrate into the grey
matter. The traumatism has rendered useless the descending
branch.This branch is radically destroyed, so that after amonth
and a half it is impossible to see any sign of bifurcation.’’ He then
explained, ‘‘Traumatic degeneration represents a curious mech-
anism of reaction of an exquisitely economical and utilitarian
character. Thanks to it, nature gets rid, so to speak, of useless
mouths of protoplasmic segments that serve no useful purpose.’’
Cajal even proposed the inhibitory effect of a surviving collateral
branch on degeneration: ‘‘the maintenance of the connections,
and therefore the continued functioning, of a collateral, constitute
a hindrance to traumatic degeneration.’’Using time-lapse in vivo imaging, our study provided direct,
conclusive evidence for branch elimination after axotomy. While
Cajal observed complete retrograde degeneration even when
injury was localized at some distance from the branch point,
we observed this only when axotomy was placed relatively close
to the branch point. Whether this reflected differences in lesion
severity remains to be tested in future studies. It is conceivable
that a larger, more clinically relevant injury than the laser injury
applied here would elicit a more robust, sustained degenerative
response including both an earlier, neuron-intrinsic phase and a
later, macrophage-mediated phase (Evans et al., 2014). Most
importantly, we advanced the concept of a surviving intact
branch serving as a stabilizer by showing that it also suppresses
the regeneration of the injured branch.
Regenerating axons exhibited a dynamic temporal pattern
with alternating phases of regeneration and pruning over a
chronic period. Similar dynamic axonal behaviors over a chronic
period after axotomy have been documented by in vivo imaging
in the brain (Canty et al., 2013). This implicates a wider therapeu-
tic window for promoting CNS axon regeneration than previously
envisioned. Future studies may benefit from increased duration
and frequency by using a chronic window or chamber over the
imaged area (Farrar et al., 2012; Fenrich et al., 2012). We antic-
ipate that in vivo spinal cord imaging will continue to provide
novel insights and generate new testable hypotheses on axonal
responses to injury.
EXPERIMENTAL PROCEDURES
As described (Davalos et al., 2008), an anesthetic mix of ketamine-xylazine-
acepromazine and stabilizing spinal column, head, and tail clamps were
used to minimize movement-associated artifacts. After a T9 laminectomy, a
well of artificial CSF was held with a rim of petroleum jelly to allow for the pres-
ervation of the cord and the immersion of the objective lens. After each imaging
session, the wound was closed and skin sutured. Each subsequent imaging
session involved reopening of the cord and clearing of any obstructing tissue
prior to imaging.We used an FV300Olympusmicroscopewith a Spectra Phys-
ics Mai-Tai laser tuned to 920 nm for imaging and 820 nm for laser axotomy.
Stacks of images were collapsed to 2D for presentation and quantification of
degeneration, with 3D data analyzed for regeneration using ImageJ software.
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